To study the damage characteristics and to evaluate the overall seismic performance of reinforced concrete (RC) mega-frame structures, a shaking table test of a 1/25 scaled model with a rooftop tuned mass damper (TMD) is performed. The maximum deformation and acceleration responses are measured. The dynamic behavior and the damping effect with and without TMD are compared. The results indicate that the mega-frame structure has excellent seismic performance and the TMD device has a significant vibration reduction effect. A finite element (FE) model simulating the scaled model is also developed, and the numerical and experimental results are compared to provide a better understanding of the overall structural behavior in particular those related to the dynamic characteristics and damping effect. Upon verification of the FE model, other important structural behavior can also be predicted by the FE analysis.
INTRODUCTION
During the last decade, a large number of super high-rise buildings have been constructed throughout the world; some have become major city landmarks. According to 2012 statistical data from the Council on Tall Buildings and Urban Habitat (CTBUH) (http://buildingdb.ctbuh.org/), approximately 782 super high-rise buildings taller than 200 m were completed globally at the beginning of 2012. In view of the fact that many different structural systems have been adopted in these super high-rise buildings, evaluating and quantifying the most advantageous structural system are becoming an important and challenging research topic. Khan (1969) studied the most suitable height for different structural systems based on the structural efficiency and proposed the Macdonald, 1990 ), Canada's National Tower (Kourakis, 2007) , Taipei 101 Tower (Kourakis, 2007) and Shanghai World Financial Center Tower (Lu et al., 2012a) , little work is reported on the efficiency of TMD systems to reduce the earthquake-induced vibration of super high-rise buildings.
The shaking table test is one of the most effective methods to study and evaluate the seismic performance of complex buildings. Many researchers, including Li et al. (2006) , Lu et al. (2012b) , and Ko and Lee (2006) , have conducted scaled model tests on shaking tables to study the seismic performance of tall and super high-rise buildings. The scaling ratios of the models ranged from 1/12 to 1/50. These shaking table tests have provided important references for the present work.
To study the damage characteristics and to evaluate the overall seismic performance and vibration reduction of mega-frame structures, a shaking table test of a 1/25 scaled model with a rooftop TMD is performed. The test results indicate that the mega-frame structure has excellent seismic performance and the TMD device has a significant vibration reduction effect. A finite element (FE) model of the same scaled model is also developed and the numerical and experimental results are compared to provide a better understanding of the overall structural behavior in particular those related to the dynamic characteristics and damping effect. Upon verification of the FE model, other important structural behaviors can also be predicted by the FE analysis.
PROTOTYPE BUILDING
The prototype building considered in this study is an RC mega-frame structure designed following the Chinese design code: the Technical Specifications for Concrete Structures of Tall Building (TSCSTB, JGJ3-2002) and Code for Seismic Design of Buildings (CSDB, GB50011-2010) . The prototype building is assumed to be located in a region with a 7-degree seismic design intensity. The corresponding peak ground acceleration (PGA) value of the design earthquake (i.e., probability of exceedance of 10% in 50 years) is 100 cm/s 2 . The site condition is site-class II. The design wind load is 0.35 kN/m 2 .
As shown in Figures 1-3 , the building has a total height of 201 m and 55 stories. The planar layout of the building is 39 m × 36 m. The mega-columns are constructed with four 7.8 m × 7.2 m rectangular RC tubes arranged at the four corners of the building. Each mega-column is constructed with four shear walls. The mega-beam stories located at the 11th, 22nd, 33rd, 44th, and 55th floors are constructed with spatial trusses with a height of 4.2 m for each ( Figure 1 and Figure 2 ). The floor slab thickness on each mega-beam story is 200 mm. The five identical substructures within the mega-frame are moment-resisting frames. In order to achieve large usable space and prevent axial force transfer from one substructure to the next, the top of each substructure is separated from the mega-beam story above it. Thus, the gravity load of the substructure is completely supported by the corresponding mega-beam story below. The stories immediately above and below each mega-beam story (MBS) are referred to hereafter as MBS-U and MBS-D, respectively, as indicated in Figure 1 . The thickness and concrete strength of the shear walls are also given in Figure 1 . The substructure story height is 3.6 m and the floor slab thickness on each story is 100 mm. The planar layout of a typical story is presented in Figure 3 .
EXPERIMENT
The 1/25 scaled model test was performed using the shaking table facility in the State Key Laboratory for Disaster Reduction in Civil Engineering of Tongji University, Shanghai, China. The weights of the superstructure, the attached mass and the basement are 4.5 t, 9.0 t and 3.6 t, respectively (see Figure 4) . The total weight of the model is 17.1 t. The model is fully fixed on the shaking table and the interaction between the foundation and soil is not considered.
Materials used for the test model
According to the work of Sabnis et al. (1983) and Lu (2007) , the materials used in the experimental model should maintain similar stress-strain relationship and have lower Young's modulus and higher density than the materials used in the prototype building. For the test model, microconcrete is adopted because its mechanical behavior (cracking or crushing) is similar to normal concrete. Copper which has a smaller stiffness and a larger density is used to represent the fabricated steel, and steel wires are used to represent the reinforcing bars and stirrups as in the prototype building.
Similarity ratio
There are three major controlling scaling factors in the similarity design of the test model: dimension (S l ), elastic modulus (S E ) and acceleration (S a ). Based on the existing experiments for buildings in the similar height range (Li et al., 2006; Lu et al., 2012a; Lu et al., 2012b) , 1/25 (i.e., S l = 0.04) is considered a suitable scale. The total height of the test model is 8.04 m. Based on the pre-determined material test results of the shaking table test model, S E is determined as 0.35. Considering the capacity of the shaking table, the scaling factor of acceleration S a is set to 4. All the other scaling factors are derived from these three factors and are listed in Table 1 .
The details of the structural members are designed using the similarity ratios given in Table 1 . The longitudinal reinforcement and the stirrups are designed according to the equivalent bending moments and shear forces of the prototype building, respectively. Iron blocks are placed on each floor as additional mass to compensate the difference in the vertical load between the test model and the prototype building, as shown in Table 2 . Den Hartong (1956) proposed the optimized frequency and damping ratio for a TMD system as:
Design of TMD
where μ is the mass ratio and is expressed as:
and m is the mass of TMD. M is the modal mass of the structure. Equation (1) is further modified by Sadek et al. (1997) as:
where Φ is the vector of the vibration mode and β is the damping ratio. Zhou (1997) and Zuo and Nayfeh (2005) studied the influence of mass ratio μ on the vibration reduction effect and concluded that a larger μ yielded a better vibration reduction effect. However, if μ > 5%, the influence of increased mass on the vibration reduction effect becomes insignificant.
The damper (see Figure 5 ) is installed on the top of the test model along the X direction (see Figure 4 ). The ratio of the damper mass to the first modal mass of the test μ is approximately 4% (214 kg). According to the optimized frequency and damping ratio computed by Equation (3), the damping ratio is set to 5% and the TMD vibration period is 0.51s, which is very close to the first vibration period of the test modal (0.5128s).
Ground motion input
Four seismic ground motions are input into the shaking table during the test: (1) El-Centro ground motion (PGA = 341.7 cm/s 2 ), (2) Wenchuan ground motion (PGA = 824.1 cm/s 2 ), (3) Chi-Chi ground motion (PGA = 341.5 cm/s 2 ), and (4) an artificial accelerogram (Wang, 2010) . Figures 6 shows the artificial accelerogram time history and the corresponding elastic response spectrums with 5% damping, in which S T (see Table 1 ) is not considered. The comparison of the response spectrums to those of the design code (CSDB, GB50011-2010) is also illustrated.
Load cases
The load cases representing the test procedure are listed in Table 3 . They are designated according to input excitation, direction and design peak value of the input acceleration.
Note that "-D" denotes the test with TMD. The similarity ratios given in Table 1 are used to scale the acceleration and time. A white-noise test is conducted to investigate the change in the vibration period of the test model before and after each load case. Most of the tests are performed in the TMD-controlled direction (i.e., X direction) which is also the weak axis of the test model. To study the differences among one-dimensional, two-dimensional (2D, represented by "Y") and three-dimensional (3D, represented by "Z") seismic responses, 2D and 3D ground motions are also used as input. According to the Code for Seismic Design of Buildings (CSDB, GB50011-2010) , the PGAs along the X, Y and Z directions should be 1:0.85:0.65 for a multi-directional input. Note that following the case CCX5-D, the first period of the test model is found to be 0.833 s (see Table 4 ), which is quite different from the period of the TMD, thereby resulting in an insignificant vibration reduction effect by the TMD device. Therefore the TMD are all locked following the case CCX5-D.
TEST RESULTS

Dynamic characteristics
The natural frequencies and mode shapes of the test model are obtained through white-noise scan tests. Figures 7-8 display the first four vibration mode shapes without TMD (i.e., TMD is locked) and with TMD (i.e., TMD is active). The Fourier spectrums on the top of the structure with and without TMD subjected to white noise input are shown in Figure 9 for WN1 and WN1-D. Table 4 compares the first four vibration periods. The results indicate that the TMD system increases the first vibration period of the model by 14.3% over the uncontrolled one. Figure 9 demonstrates that the first mode plays an important role in the dynamic response. Therefore, when TMD is installed, the response of the first vibration mode is significantly reduced, which results in a reduced response of the overall structure. As evident in Table 4 , under minor (i.e., PGA = 0.14 g, see Table 3 ) and moderate earthquakes (i.e., PGA = 0.40 g), the period of the model in both the X and Y directions increases slightly for WN2 and WN4 as compared to WN1. Thus, the model still behaves elastically during these tests, although some micro-cracks occur. When subjected to severe earthquakes (i.e., PGA = 0.88 g) corresponding to a return period of 2500 years, the period in the X direction increases more than that in the Y direction. The 37.6% increase from WN1 to WN5 implies that the structure is seriously damaged without a total collapse.
Displacement response
The displacements of the test model are obtained through integration of the acceleration. The acceleration signals are smoothed and filtered prior to their integration. Note that the input PGAs of the load cases with and without TMD are slightly different. For example, Table 3 indicates that the PGA of load case RX2 is 0.376 g whereas that of load case RX2-D is 0.374 g. To minimize such discrepancy during the displacement comparison, a factor α is defined as:
where PGA and PGA D are the PGAs of load cases without and with TMD, respectively. Thus, the displacement of the load cases with TMD is further modified as:
where D D and D D are the original and modified displacements, respectively.
Figures 10-12 present the relative displacement envelope of typical load cases for representative PGAs in the X direction. The deformation modes of the test model are closer to that of a cantilever shear-beam than to that of a conventional high-rise building. The mega-columns and mega-beams limit the deformation mode of the building which can be approximated to a five-story mega-frame structure. It can also be noted in Figures 10 and 11 that the TMD provides a significant vibration reduction effect. Figure  12 further demonstrates that under the same PGA, the displacements of Chi-Chi and Wenchuan ground motions (Figure 12 ) are obviously larger than that of El-Centro ground motion (Figure 10 ) and the artificial accelerogram ( Figure 11 ). This confirms the influence of the ground motion characteristics on the dynamic response of the test model. Figure 13 indicates that the relative displacement envelope for load case EY3 (see Table 3 ) in the X direction is slightly larger than that of EX3.
The displacement time histories when subjected to El-Centro ground motion with PGA = 0.88 g and the responses of the model with and without TMD are compared in Figure 14 for EX4 and EX4-D, in which the vibration reduction effect of the TMD can be clearly observed.
COMPARISION OF TEST DATA AND FE ANALYSIS RESULTS
For better understanding of the overall structural behavior in terms of dynamic characteristics and damping effect, a FE model of the shaking table test is established by using the general-purpose finite-element program MSC.MARC. The material constitutive law and the element model are based on the work of Lu et al. (2013) , which are explained in detail as follows. Five element types are used in this FE model (see Table 5 ).
In this study, the material-based constitutive law is adopted for all components to accurately simulate the nonlinear behavior under the complex stress states (i.e., the coupled axial force, bending moment and shear force). The main construction materials used in the test are microconcrete, copper and steel wires. As such, an elasto-plastic material law and the smeared crack model are adopted for microconcrete in compression and tension, respectively (Lu et al., 2013) . The von Mises yielding criterion-based plastic constitutive model is adopted for the copper and steel wires. The four-stage (elastic, yield, hardening and post-capping) model proposed by Miao et al. (2011) is adopted as the backbone curve of the stress-strain relationship of steel. The complete FE model of the structure is shown in Figure 15 .
Vibration mode of the FE model
The first four experimental and FE analytical vibration periods along the X direction are compared in Table 6 which confirms that the results are in good agreement.
Time history analysis of the model
The following results are presented under El-Centro ground motion with a PGA of 0.88g. Figure 16 compares the experimental and numerical displacement envelopes. The FE results are in excellent agreement with the experimental data.
This comparison confirms that the FE model is accurate. The inter-story drift which cannot be measured in the test can then be predicted by the FE model. Figure 17 illustrates the simulated inter-story drift. The inter-story drifts at the mega-beam stories are much smaller than those of the adjacent regular stories, which significantly reduce the cumulative inter-story drift of the structure. However, such a sudden stiffness change induces stress concentrations on the stories adjacent to each mega-beam story (i.e., MBS-U and MBS-D stories). Consequently, the inter-story drifts of MBS-U and MBS-D are significantly larger than those of the other stories. When designing such structural systems, a special strengthening scheme should be adopted for the MBS-U and MBS-D stories to avoid damage in these regions.
CONCLUSIONS
From the experimental and numerical results presented in this paper, the following three conclusions can be drawn:
(1) The shaking table test results indicate that the test model suffers little damage under the design level earthquake load (ground motion of PGA = 0.4 g). It can also meet the collapse prevention requirements for severe earthquakes (ground motion of PGA = 0.88 g). Therefore, the prototype structure is able to satisfy the seismic performance demand of 7-degree seismic design intensity.
(2) The displacement envelope of the mega-frame structure exhibits a shear dominated mode, and the first vibration mode plays an important role in its dynamic response. After the installation of TMD, the first vibration period is increased and the time-history displacement is reduced, suggesting that the TMD can be used for effective vibration control for super tall mega-frame buildings.
(3) The FE results agree well with test data which confirms the accuracy of the FE analysis. The FE results demonstrate that the inter-story drifts at the mega-beam stories are much smaller than those at the adjacent stories (i.e., MBS-D and MBS-U), which significantly reduce the cumulative inter-story drift of the structure. However, the inter-storey drifts of MBS-U and MBS-D stories are obviously larger than those of the other stories, which should be designed with special strengthening scheme.
Upon verification of the FE model, the damage mechanism, collapse resistance and parameter optimization of TMD, which cannot be readily identified in the laboratory test, will be further studied in the future. The outcomes can be directly used to guide the design of mega-frame structures alike. Tables   Table 1 Scaling factors   Table 2 Weights of iron blocks on different floors Table 3 Test procedure   Table 4 The first four vibration periods of the test model Table 5 . Elements used to model the structural components Table 6 Experimental and FE analytical vibration periods 
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